Abstract-In this letter, a new bit rate adaptation decision taking technique is proposed based on the observations that ambient illumination context has an effect on the perceived video quality. Motion activity and structural complexity characteristics of a video content are utilized as the content-related contexts in the proposed technique. Experimental results demonstrate that a significant amount of bit rate can be saved while maintaining the perceptual quality same by adapting the video content according to different ambient illumination conditions using this technique. Subjective assessment results show that the proposed adaptation technique is capable of exploiting the changes in ambient illumination level for bit rate adaptation without sacrificing the perceived visual quality.
I. Introduction
Universal multimedia experience is a key concept that has a vision for achieving improved quality of viewing experiences [1] , [2] . Adaptation of video content is a strategic field under the umbrella of this vision [3] , [4] . The overall target of video adaptation is to maximize the user experience in terms of perceived quality. Adaptation decision taking, which aims to determine optimum parameters for adaptation operations, can be considered as the "brain" of video content adaptation. Therefore, efficient adaptation decision taking techniques should be developed to accomplish the aforementioned target of video adaptation.
Context-awareness plays a significant role in adaptation decision taking for achieving enhanced quality of viewer experiences [5] . Content-related contexts, such as motion activity and structural complexity of video, as well as external contexts, such as viewing environment, may influence the adaptation decisions [6] . Using ambient illumination condition as a context during decision taking is an interesting research topic, which is yet to be thoroughly investigated for content adaptation purposes.
Ambient illumination context in the consumption environment can be gathered through light sensors placed on user devices.
Manuscript received March 15, 2010 The main goal of the work presented in this letter is to devise a new video bit rate adaptation decision taking technique, which relies on deriving decisions based on the ambient illumination. To achieve this goal, first, the perceived video quality is subjectively assessed under different ambient illumination conditions. Exploiting the knowledge gained through the initial subjective experiments, the proposed technique is developed. Video information is then adapted considering different ambient illumination conditions using the proposed technique. In order to assess the resulting quality of the adapted video content, further subjective experiments are conducted.
The rest of the letter is organized as follows. In Section II, the initial subjective assessments are presented. Subjective assessment results and observations about these results are introduced in Section III. In Section IV, the proposed adaptation decision taking technique is discussed. The adaptation decision-taking results are provided and assessed in Section V. Finally, Section VI concludes the letter.
II. Initial Subjective Assessments
In order to assess the effect of ambient illumination on the perceived video quality to devise an adaptation decision taking technique, a number of initial subjective experiments were conducted. Nine test segments were used in the experiments rather than the entire test sequences to maintain homogeneity in the motion activity and structural complexity characteristics for a certain length in the test contents. The name of the nine test segments are Stefan, Football, Soccer, City, Tempete, Flower Garden, News, Weather Forecast, and Silent [7] , and they contain the frames 10-160, 0-150, 30-180, 0-150, 0-150, 5-155, 0-150, 0-150, and 0-150 of their respective sequences. The structural complexity and motion activity are referred to as C and M in the letter, respectively.
The test segments were of common intermediate format (352 × 288 pels) spatial resolution at 30 f/s. Eight different channel bandwidths (i.e., 64, 96, 128, 192, 256, 384, 512 , and 768 kb/s) were selected as the target channel rates for test purposes. The segments were encoded using the joint scalable video model reference software version 9.13.1 [8] . A 23" Dell display, which has a resolution of 1680 × 1050 pels, was used to display the sequences. The double stimulus continuous quality scale (DSCQS) method [9] was used throughout the tests. DSCQS was chosen in order to assess the quality of the encoded content with respect to the maximum quality that can be offered to the user (i.e., the original video sequence).
1051-8215/$26.00 c 2010 IEEE Sixteen viewers (ten experts and six non-experts) participated in the experiments. The effect of the ambient illumination on perceptual quality was assessed in four different ambient illumination conditions (i.e., 2, 53, 195, and 293 lux) created by our laboratory facilities, in which the experiments were conducted. These conditions were measured using a Gretag Macbeth Eye-One Display 2 device [10] . Ambient illumination is referred to as I in this letter. The lengths of the videos were restricted to 5 s, which is in compliance with the International Telecommunication Union (ITU)'s recommendation [9] . The subjective tests were conducted for each viewer to assess all of the test segments individually, which were randomly ordered for each environment condition to prevent any prejudice. After the experiments, the mean opinion scores (MOSs) [9] obtained from all of the viewers were computed.
III. Initial Subjective Assessment Results and
Discussion The initial subjective test results are discussed in this section for the video segments in view, which correspond to different Ms ranging from high to low. Fig. 1 illustrates the experimental results for the test segments. As can be observed from the figures, the curves representing the MOSs recorded in the 2 lux environment present the least favorable perceived quality reported by the viewers. The 53, 195, and 293 lux environments demonstrate an increasing order of MOS ratings. The reason is that in the 2 lux (i.e., dark) environment, the sensitivity of the human visual system (HVS) is greater, because the iris enlarges in response to the less amount of ambient light that enters into the eye. As a result, in such an environment, the compression artifacts in a visual scene are more distinguishable to the eye than in the other environments.
As can be seen in Fig. 1 (a), the point marked as A on the 53 lux curve and the point marked as B on the 2 lux curve result in similar MOSs despite corresponding to different bit rates. Similar behavior can also be observed for the other points on the other curves. The observation is that when I increases (e.g., from 2 to 53 lux), the perceived quality of an input video segment is not compromised by viewing it at a lower bit rate. In this way, the bit rate of the video segment can be reduced by a significant amount if viewing takes place in a brighter environment. The change in the I condition is referred to as I, and three different Is 2-53, 2-195, and 2-293 lux are considered in this Letter. The principle idea here is that the input video segment can be adapted to a lower bit rate without causing any compromise in the perceived video quality under a particular I. Finding the output bit rate of the adapted video under a I is the main aim of the proposed technique. In order to achieve this aim, the mathematical functions of every curve in the graphs have been determined, as illustrated in the figures. As it can be observed from the graphs, the generic form of a function of any curve presents a pattern as follows:
where B is the bit rate, K and L are the constants. Table I shows the K and L values of the functions of the different I condition curves for the different segments. As seen It has been derived after extensive analyses that C is the other content-related context that has an effect on the values. The reason why C is also important in determining the values is that HVS is typically used to extracting structural information from a visual scene rather than the errors in the scene [11] . Concisely, after the extensive analyses, it has been found that I, M, and C are the dominant factors that determine the values of the constants.
IV. Proposed Adaptation Decision Taking Technique
The observations from the initial tests have indicated that an adaptation decision taking technique needs to consider three factors: the I condition, the M, and the C of the input video for efficient adaptation to produce the target output video bit rate.
The M of a segment is measured using its motion intensity. The optical flow algorithm of Lucas and Kanade [12] is used for motion intensity measurements. The motion intensities of several segments with different spatio-temporal resolutions were analyzed using this algorithm. It has been observed that these resolutions should be normalized to allow for consistency across different segments. The mathematical model presented in (2) is devised for performing the M measurement as follows:
where (n) is the motion intensity of the n th frame of a segment. NoF is the number of frames in the segment, and F and S are the frame rate and spatial resolutions of the segment, respectively.
Contours, which characterize the boundaries of the objects in video frames, are used to represent the C of the visual scenes in this letter. Canny edge detection algorithm [8] was used to determine the contours in the frames without suppressing the pixels that are considered as edges by setting them to 1 [13] . To develop the structural complexity algorithm, the number of pixels that are set to 1 is counted in every frame of a video segment [14] - [16] . The total value is then normalized using the NoF and S to provide consistency across different video segments as follows:
where δ(n) is the number of edge pixels in the nth frame. In order to devise generic functions for K and L in (1) while developing the proposed technique, first, the graphs representing the C versus K, M versus K, I versus K, C versus L, M versus L, and I versus L are plotted, as illustrated in Fig. 2 . Second, the relationships between all of these pairs are approximated using curve fitting functions [17] , as also illustrated in Fig. 2 
. The constants in the functions are presented with P, U, V, Y, G, J, D, E, H, R, and T in the figure.
Following, each of the K and L functions are empirically integrated together to determine the resulting equations that best correlate with the experimental K and L. This has led to introducing a set of new numerical constants (i.e., 7, 0.2, and 1) to the equations while providing the best correlation coefficients [18] . Accordingly, the generic functions of K and L are devised as follows:
Table I also shows the K and L values calculated using (4) for the segments in view. The correlation coefficients computed between the values observed using the initial subjective experiments and the ones that are calculated for K and L are 0.985 and 0.961, respectively.
To further describe the derivation of the proposed adaptation decision taking technique, a use-case scenario, in which a user 
is viewing a video segment in an environment, where I = A lux, is considered. While continuing to watch the segment, she or he moves to a brighter environment, where I = B lux. In order to utilize the shared network resources better, the video segment can be adapted to a lower bit rate under B while maintaining the same perceptual quality as follows:
where a and i represent the output adapted video segment, which is viewed under B, and the input video segment to be adapted, which is viewed under A, respectively. From (1) and (5), the proposed adaptation decision taking technique is devised to solve as follows:
where K i and L i are the constants for the video segment to be adapted, and K a and L a are the constants for the adapted video segment. Equation (7) can be exploited to calculate the output bit rate (B a ) for adapting an input video segment from a given input bit rate (B i ) under a specified amount of I without compromising the perceived video quality. V. Results and Discussion In order to validate the efficiency of the proposed technique, adaptation decision taking experiments were carried out. The experiments were conducted with the test segments used in the initial subjective tests (i.e., Stefan, City, and Flower Garden), together with three additional test segments (i.e., Tennis, Coastguard, and Hall Monitor) considering the usecase scenario discussed in Section IV. The Is of the segments viewed in A and B conditions are referred to as I i and I a , respectively. I i was kept as 2 lux to maintain a common reference I for all of the adaptation experiments whereas five different I a s (i.e., 27, 53, 102, 195, and 293 lux) were used in the experiments. The experiments were carried out for the input segments that have three different input bit rates (i.e., 384, 512, and 1024 kb/s). Table II presents the resultant B a s using the input bit rates. To validate the resulting B a s for the adapted segments, further subjective experiments were conducted. The adapted segments were presented to the viewers under the aforementioned I conditions. During the subjective evaluation tests, observers were asked to rate the video sequences according to the DSCQS method, as described in the ITU's recommendation on subjective quality assessments [9] . A five-level quality rating scale ranging from 1 (bad) to 5 (excellent) was used during the tests. Sixteen observers (ten experts and six non-experts) participated in the experiments. The MOS values were calculated for every video segment after the tests. Fig. 3 shows the subjective test results of the adapted segments. As can be observed from the figure, the perceptual qualities of the adapted video segments either do not change or only slightly vary (∼0.01%) under changing I conditions. It can be argued that the proposed technique has been efficient to adapt the video segments while maintaining their respective perceptual qualities despite the different viewing I conditions.
As mentioned earlier, the adaptation experiments were conducted considering the use-case scenario discussed in Section IV. The proposed technique is also capable of serving the adaptation needs in a reverse order operation in another use-case scenario, in which a user moves from a brighter environment into a darker one while watching a video segment. In this kind of a scenario, the output bit rate calculated by the proposed technique for the adapted video segment becomes higher than that for the input segment. Therefore, this adaptation is only feasible when necessary extra bandwidth is available. The reason of increased bit rate for the segment viewed in dark environment is that the compression artifacts are more visible to the eye in the darker environment than in the bright environment. In either of the scenarios, terminal functionalities for increasing or decreasing the brightness of the display can also be used for improving the perceived quality by enhancing the content visibility. However, it should be noted that our focus is not to improve the content visibility, but to redistribute shared network resources more effectively by exploiting the ambient illumination changes.
VI. Conclusion
A bit rate adaptation decision taking technique has been proposed based on the knowledge gained through subjective video quality assessments performed in different ambient illumination conditions. Structural complexity and motion characteristics of video have acted as the primary contentrelated contexts that influence the adaptation decisions in this research work. The experiments demonstrated that a significant amount of bit rate can be saved under changing ambient illumination characteristics using the proposed technique. Subjective quality assessments proved the efficiency of this technique. The effects of other contexts that can be used in adaptation decision taking will be considered in future studies.
